Abstract -Pumps utilizing electric traveling waves as the conveyor of liquids have already been presented in various publications. In those considerations, a dielectric liquid has been chosen as the media to propel. Inversely, it is conceivable to use pumps as propulsion motors for tiny vessels. Hereinafter, the proposed electrostatic propulsion motor is based on the electric tube device which has been introduced in an earlier paper by the first author for the task of particle mass transportation [1,2]. The device is made by winding 6 parallel and insulated wires to a cylindrical tube. The employed wires have a diameter in the range of 56 µ m ~ 236 µ m. Upon the application of multi-phase voltages to the monolayer-electrodes, the created traveling electric field wave carries the charged liquid in the same direction. Various electrostatic propulsion motors have been fabricated and optimized through a series of experiments. Optimizing parameters involve electrode-dimensions, fabrication materials, applied voltages and frequencies. As evaluative parameters, the propulsion pressure and the rate of liquid flow is determined. Constant and precise liquid propulsion is achieved. It is further shown that this tube structure has a high potential for miniaturization.
I. I NTRODUCTION
Miniaturization in many fields has an increasing importance in our modern technological world. In this sense, the demand is raising for new kinds of propulsion motors which fit into the microscaled domain. In this paper, a propulsion motor for a future tiny vessel is presented. The vessel, which will be either a miniature ship or a submarine of maximal a few centimeter length, is intended to incorporate both the autonomous navigation by a microprocessor and the powering of the propulsion. Previously, the problem to find a suitable propulsion motor ready to be mounted to the vessel has to be solved.
The focus of this paper lies on the application of electric [3, 4] which has been studied by Melcher in further details [5, 6, 7] . Pumps have also been constructed and tested. In all those cases, large pumps have been designed that function with very high voltages and transport solely insulator-fluids. In recent time, researchers began to built small-scaled pumps [8] .
AC Voltage Application
The electrostatic propulsion motor introduced in this paper is based on the same principle, i.e. inversely, a pump also functions for propulsion purposes. Currently, it produces its utmost performance in dielectric liquid revealing some interesting properties. The design itself comprises of structural simplicity. If we consider that the employed method with the traveling electric wave is a surface effect, the electrostatic motor has a very interesting miniaturization potential when compared to a conventional motor following a volume effect. Furthermore, this electrostatic propulsion motor has no moving mechanical parts resulting in no wear and also minimal heat-dissipation -a property indispensable for many applications.
II. P RINCIPLE OF E LECTROSTATIC P ROPULSION
The electrostatic propulsion motor consists of coiled up insulated monolayer electrodes connected to a multiphase voltage source as shown in Figure 1 . Upon the application of the phase voltages, an electric field is created around the electrodes. The voltages are supplied in a time-varying manner, producing a traveling electric field.
During operation, the motor is immersed into a dielectric liquid which becomes polarized by the non-uniform electric field and receives a volume charge density corresponding the negative divergence of the polarization. Consequently, the charge is induced into the liquid due to the polarization. The charges interact with the traveling electric field so that the liquid and the charge are moving in direct relation. Figure 2 illustrates the propulsion mechanism.
Step a: Polarization of the liquid takes place around the electrodes. Charges get induced into the liquid.
Step b: The electric field proceeds to the next electrode pulling the charged liquid in sync.
Step c: The liquid becomes repolarized around the electrodes. More and more charges are induced into the liquid.
Step d: Again, the electric wave is moving to the next electrode dragging the charged liquid in sync. (2) where χ is the scalar electric susceptibility of the liquid. The induced charge density at steady state is described by (3) and the instantaneous charge density is expressed by (4) where τ is the charge relaxation time.
The charge ρ is pulled by the advancing traveling electric field E generating a force density F related to the Coulomb force. The produced force is formulated by (5).
(5)
Since both ρ and E are linearly dependent on the applied voltage V , the following relation can be written (6) The progression of the traveling electric field can be shown indirectly by a series of scanning electron microscope (SEM) pictures, as presented in Figure 3 for the three-phase voltage application case. The electric wave and its surface charge distribution is traveling stepwise from left (a) to right (c). The white area represents negative charge. Among the applied multi-phase voltages, the three-phase, the double three-phase and the sixphase activation sequences, which are shown in Figure  4 , have been chosen. The corresponding SEM images are presented in Figure 5 and 6. The latter pictures help to distinguish between the actual applied voltages to the single electrodes.
III. F ABRICATION
The main advantage of the tube shape structure is the simple fabrication of the electrostatic propulsion motor. Polyimide enameled copper wires are spirally wound up in a monolayer onto a cylindrical substrate, fixed by a Table 1 contains all motors with information on electrode width / pitch and type of fixation bond. Figure 7 shows the cross-section of the electrostatic propulsion motor. Among the fixation bonds, the adhesive tape proofed to be impracticable through its selfdissolving character when immersed into the liquid. The fixation with urethane spray produced a structure with insufficient robustness. The usage of either the cyanoacrylate or the epoxy compound resulted in practicable devices whose sample is depicted in Figure 8 . The complete system including the programmable 16-channel voltage source is shown in Figure 9 .
IV. P ROPULSION P RESSURE
In a first experiment to evaluate the performance of the electrostatic propulsion motor, the liquid propulsion pressure is determined. The motor is inserted into a curved glass tube as shown in Figure 10 and immersed into the liquid (corn oil). The internal space of the motor is filled with a concentric solid cylinder leaving enough space for the liquid to pass. The produced pressure p [Pa] is calculated as (7) where α is the incline angle of the glass tube, l is the climbing distance [m] of the liquid, ρ liquid is the density [kg/m 3 ] of the liquid and g is the gravitational acceleration [9.8 m/s 2 ]. The measurement results are presented in the graphs of Figure 10 and 11. As expected, the sixphase voltage application produces the greatest propulsion effectiveness as shown in Figure 10 . Furthermore it is stated, that the generated pressure is in clear relation to the applied voltage amplitude and to the frequency as shown in Figure 11 . It is assumed that both the six-phase voltage application and the high voltage amplitude generate traveling electric fields with a greater penetration depth into the liquid. Thus, a higher propulsion pressure could have been achieved. Future theoretical considerations are needed to verify these experimental findings. ∅ ∅ ∅ Figure 12 shows the pressure saturation curve of the propulsion motor dependent on the applied voltage. At low voltages up to 500 V, the pressure is proportional to the square of the voltage amplitude as previously expressed in equation (6) . It is assumed that at higher voltage levels, a non-linear behavior of the liquid limits the maximal pressure. Therefore, the pressure performance of the motor goes into saturation at a level of 180 Pa.
V. R ATE OF L IQUID F LOW
The liquid flow rate of the motor is measured in a glass tube. A marker helps to evaluate the liquid velocity as illustrated in Figure 13 The six-phase traveling wave propagation velocity is calculated by (9) The measurements in the graph of Figure 14 reveal a constant liquid propulsion at different frequencies for various motor types. For all three cases, a voltage amplitude of 800 V is supplied to the electrodes.
The experimental results for a 250 µ m pitched motor are presented in Figure 14 revealing the liquid velocity with a peak at 1.2 mm/s and the ratio of flow velocity to wave propagation velocity with a peak in the order of the relaxation time τ = 4.13 s for corn-oil where ε r = 3.16 and σ = 6.78 10 -14 ( Ω m) -1 .
VI. C ONCLUSION
The best performance has been achieved for a 190 µ m pitched, epoxy bonded motor. A max. pressure of 205 Pa is reached with six-phase voltage application at 1 kV amplitude and at a frequency of 3.5 Hz. The max. flow rate is 31.5 µ l/sec at 0.8 kV amplitude and at 3 Hz. The propulsion proofed to be very constant. Substantial performance improvement can be attained by a concatenation of concentric electrostatic propulsion motors. 
